The Neutral Z boson pair production due to radion resonance at the Large Hadron Collider is an interesting process to explore the notion of warped geometry (Randall-Sundrum model).
Introduction
The Randall-Sundrum (RS) model [1] , proposed as a resolution of the well-known electroweak hierarchy problem, is particularly interesting from the phenomenological point of view [2] . According to this model, the world is 5-dimensional and the extra spatial dimension is S 1 /Z 2 orbifold. The metric describing such a world can be written as
where k is the bulk curvature constant and R c determines the size of the extra dimension.
The variable θ parametrizes extra dimension. The model is constructed out of two D 3 branes which are located at two orbifold fixed points θ = 0 and θ = π respectively. The brane located at θ = 0 (where gravity peaks) is known as the Planck brane, while the brane located at θ = π (where the Standard Model(SM) fields reside and gravity is weak) is known as the TeV brane. The factor e −2kRc|θ| appearing in the metric is known as the warp factor. The length R c , the distance between the two branes, can be related to the vacuum expectation value (vev) of some modulus field T (x) which corresponds to the fluctuations of the metric over the background geometry given by R c . Replacing R c by T (x), we can rewrite the RS metric at the orbifold point θ = π as
where g One is thus left with a scalar fieldφ(x) (φ(x) = φ(x) − φ ) which is known as the radion field [3] . Golberger and Wise [4] proposed a mechanism for generating the potential for the field T (x), with its minima at R c which satisfies kR c ≃ 11 ∼ 12, a requirement for the hierarchy resolution. This non-minimal version of the RS model with the radion φ(x) stabilzed at φ via Golberger and Wise mechanism, one can do a lot of interesting phenomenological studies. In particular, the radion, which can be lighter than the other low-lying gravitonic degrees of freedom in the RS model, will reveal itself first directly in the collider experiment or indirectly in the precision measurement and verify our notion of extra-dimensions. Studies based on observable consequences of radion are available in the literature [5] , [7] .
Here we want to look at the pair-production of Z bosons mediated by the radion at large hadron collider (LHC). The crucial role in enhancing the signal in this channel are (a) the accessibility of the radion resonance for m φ > 2m Z , and (b) the relatively enhanced radion coupling (due to trace anomaly and top-quark loop) with a pair of gluons at LHC energies, which we will discuss in succession in later sections. Finding the radion via the above channel, the so-called gold-plated mode, is already available in the literatures. However some error has been translated in those studies due to the improper treatment of the Feynman rule in the radion coupling with a pair of off-shell top quarks. In the earlier studies, while estimating the radion production rate due to gluon fusion (i.e. in LHC context), radion coupling to a pair of top quarks is assumed to be proportinal to the mass m t of the top quark, which is definitely true if the produced top quarks are on-shell and obviously does not hold in the present case, since the top quarks are appearing inside the loop i.e. they are off-shell. This is the main difference between us and the already existed literatures and will be discussed in detail in Section 2.
The organization of the paper is as follows. In section 2, we discuss the various interactions of the radion with the SM fields and determine the effective interaction of radion (φ) with a pair of gluons (g) which is due to the top loop and QCD trace anomaly. We discussed the difference in the production rate obtained by us with those alreay existed in the literatures. The general features of Z boson pair-production via radion are discussed in section 3. Section 4 contain discussions of the predicted signals for m φ > 2m Z , which is followed by the background estimate. We conclude in section 5.
Effective interaction of radion with the SM fields
Radion interactions with the SM fields confined on the TeV brane are governed by 4-dimensional general covariance. It couples to the trace of the energy-momentum tensor of the SM fields in the following manner:
where φ is the radion vev. The trace of the energy-momentum tensor of the SM fields is given by
The photon and the gluons couple to the radion via the usual top-loop diagrams. [5] . Besides the top-loop, an added source of enhancement of radion production in gluon fushion is the QCD trace anomaly, which we discuss below. For the sake of completeness, we first derive the lagrangian comprising radiontop coupling and then discuss the effective radion-gluon coupling which is due to top-loop and trace anomaly.
Lagrangian for the radion-top coupling
The radion coupling to the top quark in the Randall-Sundrum model can be derived from the following action
Note that the action (Eqn. (5)) should also contain the Yukawa term
Hψψ with H being the SM higgs field. Such a Yukawa-term is irrelevant for the present study and we will not consider this any further. The field e aµ is the contravariant vierbein field for the visible brane and g vis is the determinant of the metric g vis µν (Eqn. (2)). In the presence of radion fluctuation it satifies the normalization condition
D µ is the covariant derivative with respect to general coordinate transformation and is given by
w ab µ is the spin connection and it can be computed from the vierbein fields by using the relation
where Σ ab is given by the expression
In the presence of radion fluctuations on the visible brane, the spin connection is given by
The covariant derivative of the fermion field then becomes
where the γ µ are independent of space time coordinates. The action that determines the radion couplings to top quark can therefore be written as
We keep terms containing oneφ field (the second term in the last line of Eqn. (9) i φ
where p, p ′ correspond to four-momenta of t and t quarks (see the Figure 1 ) and m t , the top quark mass. Note that if the top quarks are onshell, the above Feynman rule can be shown (using the eqn. of motion) to be equal to −i where the electro-weak vev v = 247 GeV. These two couplings are exactly identical in the limit φ → v. In Eqn. (9) the Ellipsis (· · ·) corresponds to terms involving two,threeφ fields [see [8] for the details]. Note that in above ψ = f φ
3/2ψ
, and m t = f φ m t . In the following, we shall assume that all fields and parameters have been properly scaled so as to corresponds to the TeV scale and drop the tilde sign.
Effective radion-gluon coupling: QCD anomaly and top loop 2.2.1 QCD anomaly at order α s
The radion couples to the trace of the energy-momentum tensor (T µν ), which can be equated with the four-divergence of the dilatation current (D µ ) associated with scale symmetry of the theory i.e.
Scale symmetry is a good symmetry at the classical level (i.e. ∂ µ D µ = T µ µ = 0) in the limit of zero mass and in the absence of dimensionful couplings. However, quantum correction breaks the scale invariance and the divergence of the Dilatation current receives the anomalous contribution given by ∂ µ D µ = T µ µ = 0. Such a non-zero anomalous T µ µ generated due to the quantum correction (zero at the classical level), is known as the Trace Anomaly or Weyl Anomaly term and it can be shown to be proportional to the relevant beta-function of the underlying gauge theory [9] . The radion coupling to the massless gluons (or photons) is crucially controlled by such trace anomaly term. For gluons, the interaction lagrangian due to this trace anomaly term can be written as
where g s is the strong coupling constant and
and n f is the number of quark flavours.
Top loop at order α s
At order α s , radion can couple to a pair of gluons via the one-loop diagrams of Figure 2 . We follow the usual [10] procedure to evaluate the amplitude for the process φ → gg. Consistency with the Lorentz invariance and the transverse nature of the gluon (i.e. P µ ε a * µ (P ) = Q ν ε a * ν (Q) = 0), leads to the following form of the amplitude (12) with η µν = diag(1, −1, −1, −1) and k = P + Q. Imposition of the current conservation (Q ν M µν = 0) (follows from the gauge symmetry) relates the two form factors as
Inserting this in Eqn. (12), we find the amlitude M(φ → gg) as
We now evaluate the set of diagrams of Figure 2 and finds F 1 (k 2 ) as:
where Q f is 2/3 for the top quark. Diagrams The loop function I QCD arising in the process, is given by
where x t = 4m 2 t /m 2 φ and m φ is the radion mass. Note the presence of the constant term and the term linear in λ(x t ) arising in the loop function. They, found to be absent in the literature [5] , arises due to the presence of the kinetic term in the φ − t −t coupling. As we will see that this results into an important role in the radion production rate. The function λ(x t ) is given by
Note that for x t > 1, n f = 5, so b QCD (arising in the trace anomaly term (see section 2)) is 23/3, while for x t ≤ 1, n f = 6 and b QCD = 21/3. Note that the x t ≤ 1 i.e. m φ ≥ 2m t corresponds to the top resonance inside the loop and is the region where the heavy quark appriximation breaks down.
On the whole, the effective φ−g −g interaction finds contribution from the trace anomaly and the top quark loop and hence can be written as
With the above interactions, we calculate the decay width Γ[φ → gg] as
Radion decay to other SM fields have been discussed in Ref. [5] , [6] .
Neutral Z boson pair production: LHC prospects
The neutral Z boson pair production from gluon-gluon fusion at the LHC has been extensively studied in the context of the SM as well as several of its extensions such as the minimal supersymmetric standard model (MSSM). A precise estimate for the Z boson pair production due to higgs resonance and a detailed analysis of it's subsequent decay into charged leptonic final states is available in the literature [11] . Any excess over this can be interpreted as the signature of new physics [12] . The mediation of the heavier neutral Higgs in SUSY has been shown to be the source of some enhancement in a region of the parameter space.
Theories with extra dimensions, too, have been explored in this context, both in the ADD and RS models [13] . It has been reported in these papers that the mediation of gravitons can boost the Z boson pair production rates. In this paper we wish to emphasize that the presence of a stablized radion in the non-minimal RS context is particularly significant.
This is because (i) whereas the graviton resonance in the RS scenario is usually at too high a mass to be significant, a relatively less massive radion can be within the kinematic reach, and also (ii) the enhancement of radion coupling to a pair of gluons via the trace anomaly term and top loop picks up the contributions.
We have computed the predicted rates for the case m φ > 2m Z and analyzed the viability of the resulting signals with appropriate event selection strategies.
Using Breit-Wigner approximation for the resonant production of a radion, one finds the following expression for the cross section for pp → φ → ZZ (the dominant partonic subprocess being gg → φ → ZZ):
whereσ
In obtaining Eqn. (21), we made use the decay width of radion (φ) into a pair of gluons (g) i.e. Γ[φ → gg] and assumes the validity of time reversal symmetry. Hereŝ (= x 1 x 2 s) is the centre-of-mass energy for the partonic subprocess, √ s(= 14 TeV) corresponds to the protonproton centre-of-mass energy, g 1 (x 1 , Q 2 ) and g 2 (x 2 , Q 2 ) are the gluon distribution functions of the two colliding protons, x 1 and x 2 are the momentum fractions of the partons (gluons) of the colliding protons and m φ and Γ φ denotes the mass and total decay width of the radion.
The factorization scale Q 2 and renormalization scale µ 2 appearing in g(x, Q 2 ) and α s (µ 2 )
are fixed at Q 2 = µ 2 =ŝ in our analysis. We have used CTEQ4L [14] parton distribution functions, setting the renormalisation scale at the partonic subprocess centre-of-mass energy ( √ŝ ). We have checked that the predicted results are more or less unchanged if this scale is set at radion mass (m φ ).
In Eqn. (21), we find that away from the radion resonance, the term proportional to Γ 2 φ is of little consequence, and the total rate falls as 1/ φ 4 . This is because the decay width of the radion in any channel is proportional to 1/ φ 2 . Near resonance, on the other hand, the contribution is dictated by the term with Γ φ in the radion propagator. Since, in the narrow width approximation, one can write The signal of Z-pair production due to radion resonance depends on the final states produced by the decay of Z-boson. In our analysis, we consider the mass range m φ > 2 m Z and in such a case, the BR(φ → bb) falls to 0.0028 i.e. ∼ 3% (say at m φ = 200 GeV) and hence the bb mode for detecting the radion resonance, is not worthwhile to look. On the other hand for the same m φ value, the BR(φ → ZZ) becomes 13%, and can be considered as quite useful for detecting the radion resonance. We will consider the scenerio in which the produced Z will decay mainly leptonicaly (i.e. l = e, µ). So, the final state contains 4 charged leptons and normally such events may have appreciable SM background arising from the following sources:
• The electro-weak production of
• Higgs production due to gluons fusion, which after subsequent decay into 2 Z bosons can produce 4 charged leptons in the final state. This is the dominant background process.
However, using a proper set of cuts one can diminish this background effect, thereby, enhancing the signal. The cuts used in our analysis can be listed as follows:
• Each of the produced charged lepton (e or µ type) must have the pseudorapidity η satisfying −3 < η < 3.
• Each of the produced charged lepton must have transverse momenta p T greater than 15 GeV.
After applying all the above cuts, the cross section for the process pp(gg) → φ → ZZ → Figure 3 we have plotted these cross sections for the signal and background against m S (GeV). For the signal m S = m φ and φ = 250, 500, 750, 1000 GeV with the SM higgs mass m h = 185 GeV. For the background m S = m h for the resonating higgs channel, besides other non-resonating electroweak channels. We considered the cases in which Z decay into electrons and muons (l = e, µ) with total branching ratios 0.0682. In addition, an average detection efficiency of 80% per lepton has been assumed. Below, we make the following observations
• From Figure 3 , we see that there is a substantial enhancement of the rates ( (16)) and appearing in the loop integral, seems to happen at m S ≥ 2m t which is being manifested in the imaginary part of the λ(x t ) function (Eqn. (17)).
An estimate of the signal and background event rate (obtained by multiplying the cross section with the integrated luminosity) is given in Table 1 
(dotted) (GeV). The lower (dashed dot) curve corresponds to the SM background.
We choose Q 2 = µ 2 =ŝ, although the result remains more-or-less unchanged if one
• From the Figure 3 and Table 1 , it is clear that the total cross section (and hence the event rate) of the signal falls with the increase in φ , i.e. near resonance it goes as 1 φ 2 while away from the resonance it goes as 1 φ 4 (see also the discussion of section 3).
• Figure 3 (see also Table 1) shows that, for a given φ , the cross section falls with the increase in m φ (see Eqn. (20), (21)).
• The total event(signal) rate is greater than that predicted in ADD and RS scenerio involving spin-2 gravitons. As has been mentioned before that this enhancement is due to two reasons, namely (a) possibility of having a radion resonance, and (b) the enhanced coupling at radion-gluon-gluon vertex due to trace anomaly and top loop. It is worthwhile to give some number related to the signal cross-section which differs from the literatures, say, Chaichian et. al. in the ξ = 0, where ξ is the radion-higgs mixing parameter [5] and as we mentioned earlier that such difference is due to the treament of the φ − t −t coupling required in the traingle top loop evaluation. For example, below 2m t threshold, say at around m φ = 200 GeV, we find σ = σ s = 0.047 pb in contrast to ∼ 0.01 pb (Chaichian et. al) for the radion vev φ about 1 TeV. Above 2m t threshold, with the same φ value, say at m φ = 370 GeV, we find the signal cross section σ about 0.06 pb, whereas they found 0.025 pb. • A bump at around m φ = 350 GeV corresponds to the top resonance inside the top loop. Above this resonance (the 2m t threshold), the cross section is mainly dominated by the top loop. Note that before this resonance, the large signal cross section was mainly due to trace anomaly, which remains important even after this 2m t threshold.
• While maintaining the fact that the signal cross section be greater than that of the SM background one can even allow larger m φ values corresponding to lighter φ choices, the feature which will explored in the next section.
Significance contours
With an integrated luminosity of 100 f b −1 , the above rate indicate a rather impressive prospect of detecting the radion resonance via the pair-produced Z bosons and it's subsequent charged-leptonic decays. To gauge the situation, however, one should also remember that the backgrounds, even after applying proper set of cuts, are never totally eliminated and one can compare the signal with this background. In Figure 4 , we show the contour plots in the plane of radion mass m φ and radion vev φ corresponding to 
Summary and Conclusion
The enhanced coupling of the radion-gluon-gluon due to top-loop and trace anomaly, offers an immense possibility of finding radion at Large Hadron Collider. We have considered the correct radion-top-antitop coupling and fix the radion production rate at LHC. We have considered the channel in which the radion produced as a resonance in gluon-gluon fusion and then decay to a pair of Z bosons, which subsequently decays into 4 charged leptons, l(= e, µ). The SM background comprising 4 l final sets is found to be smaller that that due to the signal (radion resonance) even after applying a proper set of cuts for a wide range of radion mass (m φ ) values. For m φ ranging from 180 GeV to 1000 GeV, the signal cross section dominates over that due to SM background. Exploiting the signal and background ratio, we make the contour plots in m φ − φ plane. The contour plot suggests the possibility of having an intermediate to heavier radion of mass about ∼ 250 (500) GeV with φ about 1812 (547) GeV at the 10σ discovery level.
